Abstract-
INTRODUCTION
Being an open source software, OsiriX facilitates the collaboration between universities, research centres and hospitals by allowing the implementation and easy distribution of plug-ins. This fast DICOM viewer has a plug-in based architecture and is available for download at the OsiriX website [1] .
Diffusion Tensor Imaging (DTI) is a widely used technique for assessing and characterizing tissue microstructure in vivo noninvasively by measuring the diffusional motion of water molecules. The physical model behind DTI assumes a Gaussian behaviour for the diffusion of water molecules. However, this model does not hold for higher b-values as the non-Gaussianity of the diffusion becomes non-negligible. Diffusional kurtosis imaging (DKI) is a clinically feasible extension of DTI that tackles this issue by measuring the deviation of the diffusion from the Gaussian form [2] .
Many studies have shown that the DKI model provides more detailed information about tissue microstructural changes than the standard DTI methods. For instance, Helpern et al. [3] used kurtosis metrics on studying grey matter (GM) and white matter (WM) changes in adolescents with attention-deficit hyperactivity disorder (ADHD) and found that only some kurtosis measures were able to detect key differences in GM microstructure between the control group and the ADHD patients.
Additionally, Lu et al. [4] showed that the DKI model can characterize fiber crossing much more accurately than the standard diffusion model. This work regards the development and implementation of a plugin for DKI maps estimation. This plugin is capable of estimating several DKI-related maps from vendor independent DWI's without the need of configuration files by accessing its DICOM metadata. The computation of DKI quantities follows an heuristic constrained linear least squares algorithm (CLLS-H) [5] . A set of DWIs with 3 bvalues is necessary and maps for mean diffusion (MD), axial diffusion (AD), radial diffusion (RD), fractional anisotropy (FA), mean kurtosis (MK), axial kurtosis (AK) and radial kurtosis (RK) are computed.
The median processing time is very short by virtue of the heuristic approach to the CLLS formulation.
II. THEORY
The non-Gaussianity of a distribution can be characterized by means of kurtosis, which is defined as the standardized fourth population moment about the mean.
(1)
Where E is the expectation operator, µ is the mean, µ4 is the fourth moment about the mean and σ the standard deviation.
The Gaussian distribution has a kurtosis of 3. Consequently, is conveniently used so that the reference Gaussian distribution has a kurtosis of zero [6] .
The DKI model uses this metric to characterize the nonGaussian diffusion in biological tissues and is parameterized by the diffusion tensor (D) and kurtosis tensor (W) from which several rotationally-invariant scalar measures are extracted.
For a standard pulsed-field-gradient nuclear magnetic resonance sequence with a specific proton gyromagnetic ratio γ, an amplitude for the diffusion sensitizing magnetic field gradient pulses G, a duration of the gradient pulses δ and a . Taken from [7] .
given time interval between centres of gradient pulses Δ, the DTI approximation to diffusion-weighted signal intensity may be expressed by the following Taylor series [7] . (2) where b is given by (3) and Dapp refers to the apparent diffusion coefficient.
) may be neglected and equation (2) is reduced to (4) which is exact should the diffusion be purely Gaussian.
However, as in biological tissues Gaussian diffusion is hardly possible, and therefore, equation (2) is not advisable.
DKI is built on the same principle of DTI with the key difference that equation (2) is expanded to account for the term contributions as shown in equation (5) [8] . (5) where Kapp stands for apparent diffusional kurtosis [7] .
The introduction of an additional parameter makes it mandatory to use at least three distinct b-values in any given gradient direction (including b = 0). Figure 1 illustrates, for a given data set, the better fitting of the DKI expansion in comparison to DTI.
When diffusion gradients orientations are used, the DKI approximation to the signal intensity may be written, with regard to a specific direction vector n, as (6) where and are defined as (7) (8) are the second order diffusion tensor, D, and the fourth order kurtosis tensor, W, respectively. Moreover, Dij are Wijkl are their elements.
Due to the interchangeability of its indexes, both Dij and Wijkl are symmetric. Thus, the diffusion tensor D has 6 independent degrees of freedom, whereas the kurtosis tensor W has 15 [9] resulting in 6 + 15 = 21 parameters to be estimated.
The most commonly derived measures extracted from D are the mean, axial and radial diffusivity and the fractional anisotropy (FA). As for W, the most common ones are the mean, axial and radial kurtoses.
There are several ways to estimate the diffusion and kurtosis tensors D and W. Methods such as unconstrained nonlinear least squares (UNLS) and unconstrained linear least squares (ULLS) have been used and were shown not to provide good tensor estimations [5] . Even after adjustments, the algorithms are not viable when compared to constrained linear least squares (CLLS) formulations.
One can cast the tensor estimation problem as linear least squares with linear constrains safeguarding the physical and biological meaning of directional diffusivities and kurtoses. Both the quadratic programming (CLLS-QP) approach and the heuristic (CLLS-H) approach for solving the CLLS problem provide tensor estimates substantially more reliable than those obtained using unconstrained methods. On the one hand, the CLLS-QP algorithm satisfies exactly the constraints imposed at a moderately high computational cost. On the other hand, the CLLS-H algorithm gives an approximation to the optimal solution in a short computation time. In the present work, the estimation of D and W was done by means of the CLLS-H algorithm because of its computational cost and speed.
The diffusion and kurtosis estimated for a given direction must be restricted to a biological meaningful range. That is, diffusion must not be negative, once that negative diffusion has no physical meaning whatsoever, whilst kurtosis must not be lower than a predefined Kmin and not higher than an also predefined Kmax. As a result, the following constrains arise. Although the brain Kmin theoretic value is -2, the standard choice is 0. Additionally, the constant C is normally set to 3. The
This algorithm requires a set of DWIs with exactly two nonzero b-values and N gradient directions which are the same for both b-values, i.e., N (1) = N (2) = {n1,…,nN} [5] .
D is supposedly positive definite. As such, its eigenvalues and are always positive. However, noise, motion and imaging artifacts may cause errors in the estimation of D, thereby tampering with the eigenvalues' positivity. This may lead to fluctuations in DTI parameters that should be accounted for, such as FA exceeding 1 even though it should range from 0 to 1.
After the determination of both D and W using the CLLS-H algorithm, the DKI quantities may be calculated as described by [5] .
III. METHODS
The CLLS-H method requires a set of DWIs with 3 bvalues (one zero and two nonzero) for, at least 15 directions.
A. Imaging Protocol
The DKI scan was performed using a 3T Philips Achieva system with an 8-channel head coil. The DWI's were acquired, along 33 different gradient directions for the two bvalues different from zero (b=1000 s/mm 2 and b=2000 s/mm 2 ), with a spin-echo sequence. Scan parameters were TR = 8223 ms, TE = 58, matrix = 96  96, FOV = 231  231 mm 2 , 38 slices, slice thickness = 2.75 mm with no gap. The total acquisition time was 9:11 minutes.
B. Processing Protocol
The workflow of the plugin since its selection, in the OsiriX's plugin section, up until the maps are generated is depicted by the flowcharts in Figures 3 and 4 .
After selecting the plugin, the user may choose through the graphical interface shown in Figure 2 , which maps are to be shown. To avoid unnecessary computational overheads and to decrease the processing time, the computation of kurtosis values (mean, axial or radial) is executed only if requested by the user. It is also possible to set the minimum voxel threshold value for computation (for values under this threshold all DKI measures are set to zero) and define the values for Kmin and C.
In case of values defined outside the range, Kmin and C are set to the default value, 0 and 3 respectively.
After the map selection and definition of voxel threshold, Kmin and C values, the user just have to click the Generate Maps button to obtain the selected maps.
The program starts by accessing the DICOM metadata of the series to build both AD and AK matrices. The next step is to compute their Moore-Penrose pseudoinverse matrices. Since AD and AK are not linearly independent, the singular value decomposition method is used. The b-values are also obtained from the DICOM metadata.
The viewers for the selected DKI maps are generated and then, for each slice, the program goes through every voxel and computes the required parameters, as shown in Figure 4 .
MD, AD, RD and FA are easily computed from the diffusion tensor eigenvalues. The computation of these eigenvalues as well as their corresponding eigenvectors (used further in the computation of kurtosis metrics) was done using the Lapack routine dsyev.
Negative eigenvalues may result from noise, motion, imaging artifacts or even from the CLLS-H formulation leading to wrongful D estimation. To overcome this problem, negative eigenvalues can be set to zero or use its absolute values following the ZERO and the ABS methods as described in [10] .
In the ensuing steps, following the iteration through all the slices in the series, the mean diffusivity (MD), axial diffusivity (AD), radial diffusivity (RD), FA, MK, AK and RK maps are, if selected, updated into their viewers. After this update the plugin finishes its execution. 
IV. RESULTS
Figures 5 and 6 show the maps generated by the developed plugin for 3 different slices of the brain.
Qualitative validation of the generated maps was done through visual inspection of DKI maps by two experts (Neuroradiologist and MRI Application Specialist). Both experts considered that the computed maps represented good results.
The quantitative validation of the plugin followed the methods proposed by Fieremans et al. [11] wherein a simple isotropic phantom composed of dairy cream is processed and subsequently analyzed. The inherent methods proposed in those works were shown to provide nonzero kurtosis values that can be quantified and therefore used to verify the validity of the post-processing methods [11] .
The phantom used for validation consisted of a 330 mL cylindrical plastic bottle filled with cream with a fat content of 35%, which is very similar to the 36% used by Fieremans et al., 2012 . The cream underwent the following heat treatment before its storage in the phantom recipient:
-submersion in water bath at 80ºC; -after reaching 60ºC the cream was kept an extra 10 minutes in the water bath;
-reaching a temperature of 74ºC the cream is stored at room temperature (18.5ºC) and left cooling overnight.
The heating treatment leads to an increase in the 2-relaxation time of the fat protons. As a consequence, the resonance frequencies of fat and water are different which creates a visible separation between the two components. This separation between fat, water and cream (which is essentially water and fat) may be observed in the diffusion weighted images for ( =0) as shown in [30] .
After identifying the region corresponding to water, fat and both fat and water, the analysis of the computed maps was done by drawing 50 ROIS with areas ranging from 20 to 30 mm 2 . The results were compared to the results obtained in [11] and are presented in table 1. We can observe that the mean diffusion values for both water and fat fall into the expected range. However, as for the cream region, the values are not very satisfactory. Regarding the mean kurtosis maps, only the water region seems to approximate the values obtained in [11] while in the cream region they are below the expected range. Even though the validation attempt did not produce the expected values for the studied metrics, this does not mean that the developed tool is not accurate as there are several variables that were not be fully explored in the conducted validation processes. For instance, constituents of the cream may be different, but also, the acquisition was done using a different MRI system with an approximation of the sequence from [11] . All of this may explain the differences observed between the expected and the obtained values.
V. CONCLUSIONS AND FUTURE WORK
The developed plugin for DKI computation fulfilled the proposed objectives as it was showed to be able to generate reliable maps for both the standard DTI metrics and for the DKI metrics as well. Its usage is very straightforward as the graphical interface is very simple and user friendly. The software was validated using methods described in the literature and, following the proposed validation and some further minor adjustments and improvements (discussed in the next section), it shall be fully functional and ready for implementation.
All in all, the plugin, by being integrated in the OsiriX framework, is a fast and simple tool that may be easily installed and used by medical personnel for gathering information about neural pathologies that are made evident only by DKI processing.
Although the developed plugin is very complete and shows satisfactory results for all the intended metrics, some improvements are in order. These improvements are: implementation of a multithreading architecture improving even further the processing times; perform an extensive validation using different diary creams and design a MRI sequence that fully matches the one used in [11] .
